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Introduction

Summary

Recent studies demonstrate the feasibility of microdialysis to monitor metabo-
lism in ischemic livers. Whether these parameters correlate with markers of liver
cell integrity in an experimental model using pig livers and different preservation
solutions was an aim of this study. Pig livers were flushed with either 4 °C Histi-
dine-Typtophan-Ketoglutarate solution (HTK) (Custodiol®), University of Wis-
consin solution (ViaSpan®), and hydroxyethyl starch, or 12 °C saline solution.
After 24-h storage, the livers were rinsed with saline to measure liver enzymes
and lactate from the effluate. Utilizing microdialysis, intraparenchymal lactate,
pyruvate, glucose, and glycerol was monitored. Tissue biopsies were taken for
histological examinations. Cold preservation resulted in a decrease of metabolic
activity measured by intrahepatic glucose, lactate, and pyruvate levels, as well as
lactate in the effluate, independently of the solution used. Of particular interest,
glycerol levels partially reflected the extent of hepatocellular damage and liver
enzyme release. Glycerol levels partially discriminated preservation of different
quality and were in accordance to histological findings and liver enzyme release.
Lactate, pyruvate, and glucose levels were not appropriate as markers during cold
storage. Whether or not glycerol monitoring could represent an additional and
rational complementation to the current practice of macroscopic, microscopic
and donor evaluation has to be clarified by further studies.

Underlying high-risk factors include (1) donor age more
than 70 years or <3 months, (2) moderate (30-60%) or

Liver transplantation is currently considered to represent
the primary therapy of end-stage liver disease and acute
liver failure. Despite improvements in liver preservation
and surgical techniques, some degree of clinical and bio-
chemical dysfunction following orthotopic liver transplan-
tation occur almost invariably. Perception and knowledge
of reliable parameters being predictive for the outcome of
liver transplantation is still major issues of the liver trans-
plant community [1]. With a growing disparity between the
demand for and the supply of organs for transplantation,
the use of marginal organs, with a higher susceptibility for
hypoxia, cold storage, and reperfusion, is justified [2,3].
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severe (>60%) macrovesicular fat content, (3) intensive care
unit hospitalization of 5 days and longer, (4) high doses of
positive inotropic drugs, and (5) extension of cold ischemia
time above 14 h [4]. It is well documented that these single
factors, as well as their combination, predict the appearance
of moderate-to-severe graft preservation injury [5].

The assessment of a donor liver before transplantation
has been the subject of much research. However, the trans-
plant surgeon still has to rely on a subjective interpretation
of donor data and the macro- and microscopic appearance
of the liver to decide whether to use the graft. This decision
will only be proved to have been right if the liver is
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transplanted and the recipient discharged from hospital.
The possibility of graft monitoring during the storage per-
iod could give further information of grafts condition
before transplantation and could therefore close the gap of
a time period always associated with organ transplantation,
which has been inaccessible for diagnostic thus far.
Recently, microdialysis was suggested as a tool to
evaluate quality of the donor liver [6-9]. This technique
offers the opportunity for continuous monitoring of
metabolic changes within the tissue and cell membrane
integrity. The general principle of microdialysis is to sam-
ple fluids with a semipermeable membrane catheter intro-
duced directly into the tissue. While being slowly
perfused with Ringer solution, an equilibration takes place
through the membrane, resulting in a composition of the
collected effluate identic to the extracellular fluid. The
metabolic markers of interest for microdialysis monitor-
ing of ischemia are based on the intermediates of the gly-
colytic pathway, which is employed for the breakdown of
glucose to provide energy. With an adequate oxygen sup-
ply, glucose is metabolized to pyruvate, which in absence
of oxygen is further reduced to lactate. Another marker
of ischemia is released by phosphoglycerides from the cell
membrane. Calcium ion influx as a result of ATP deple-
tion activates phospholipases, leading to phospoglycerides
breakdown, resulting in an efflux of glycerol. Glycerol
may therefore indicate cell membrane disintegrity [10].
The aim of this study was to continuously monitor
hepatic metabolic changes and cell membrane damage
over a preservation period of 24 h by using the microdi-
alysis technique. Within the experimental protocol, pig
livers were stored at 4 °C in UW, HTK, and hydroxyethyl
starch solution and opposed to mild hypothermic storage
at 12 °C in physiologic saline solution. After a subsequent
flush of the livers, a comparison was made between the
microdialysis data and liver enzyme levels from the flush
solution effluate, as well as to histological findings.

Materials and methods

Study protocol

Sixteen male pigs (German Landrace) with a body weight
of 22-24 kg, divided into four groups (n = 6 per group),
were used as liver donors. The pigs were group-housed in
the experimental facility, fasted for 24 h before organ
retrieval with free access to water. The study protocol was
approved by the local Ethics Committee.

Pigs were premedicated with intramuscular premedica-
tion of Azaperone (Stresnil, Janssen Pharmaceutica, Beerse,
Belgium) and ketamine hydrochloride plus atropin sulfate,
whereas anesthesia was maintained by 0.5-1.5% halothane
inhalation and continuous fentanyl infusion. The external
carotid artery was cannulated for blood pressure measure-
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ments during the retrieval operation. The liver was freed
from surrounding ligaments and 10 000 IE heparin was
administered before cannulation of the infrarenal aorta
with a 20 Ch catheter. Aortic perfusion was started with
either 4 °C UW (ViaspanTM; DuPont, Bad Homburg,
Germany) (group I), HTK (Custodiol™; Kohler Chemie,
Alsbach, Germany) (group II), hydroxyethyl starch solu-
tion (HES) 6% 130/04 (Voluven™; Fresenius Kabi Deut-
schland GmbH, Bad Homburg, Germany) (group III) or
with 12 °C physiologic saline solution (NaCl 0.9%;
B. Braun AG, Melsungen, Germany) (group IV) at a perfu-
sion pressure of 120-150 mmHg. After graft retrieval, the
livers were then consecutively stored for 24 h at 4 °C
(UW, HTK, HES) or 12 °C (saline solution). Microdialysis
samples were collected continuously, and sequential tissue
biopsies were taken for histological examination. After
24 h, the livers were flushed via the portal vein with 4 °C
nonoxygenated saline solution at a perfusion pressure of
100 cm H,O and a flow rate of approximately 500 ml/min
for the measurement of cumulated liver enzymes and
lactate in the effluate.

Microdialysis

The microdialysis catheter (CMA 61 Liver MD Catheter;
CMA Microdialysis AB, Stockholm, Sweden) is a double
lumen tube that has a semipermeable outer membrane with
a 20 000 Da cut-off at the tip, which has been described in
detail elsewhere [11]. After organ retrieval, two catheters
were inserted into the liver through the right liver segments
V/VII and the left liver segments II/III, respectively [12].
The catheters were connected to the microinjection pump
(CMA 106; CMA Microdialysis AB) and perfused with iso-
tonic sterile solution (sodium 147 mm, potassium 4 mm,
calcium 2.3 mwm, osmolality 290 mOsm/kg, pH6; perfusion
fluid T1, CMA Microdialysis AB). The initial flow rate of
15 pl/min was automatically maintained for 6 min to
remove cellular debris resulting from the catheter insertion,
and its effluate was withheld from analysis. The microdialy-
sis was then performed with a given perfusion rate of
0.3 pl/min. The dialysate fluid was sampled into microvials
at intervals of 30 min and automatically analyzed as bat-
ches for pyruvate, lactate, glucose, and glycerol using enzy-
matic reagents and colometric measurements (CMA 600
Microdialysis Analyser; CMA Microdialysis AB). The valid-
ated measurement ranges for the standard reagents were
specified by glucose 0.1-25, lactate 0.1-12, pyruvate
10-1500, and glycerol 10-1500 mm.

Laboratory analysis

Liver enzyme activities of aspartat-aminotransferase
(AST) und lactic dehydrogenase (LDH) in the effluate
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were assessed by photometrical analysis using commer-
cialized standard Kkits.

For evaluation of histopathological changes, tissue
biopsies were taken at 6, 12 and 24 h. Liver tissue was cut
into small blocks (3-mm thickness) and fixed by immers-
ion in 4% buffered formalin overnight at 4 °C. The
blocks were embedded in paraffine and cut into 2-pm
sections using a microtome. After hematoxy-eosin stain-
ing, histological changes with a focus on hepatocyte nec-
rosis and endothelial swelling were evaluated by a
semiquantitative score from 0 to 3 (Hepatocellular apop-
tosis/necrosis: 0 no damage, 1 1-10 apoptotic/necrotic
hepatocytes per 10 lobules, 2 11-20 apoptotic/necrotic
hepatocytes per 10 lobules, 3 more than 20 apoptotic/
necrotic hepatocytes per 10 lobules; Endothelial damage:
0 no damage, 1 endothelial swelling, 2 endothelial swell-
ing, vacuoles in endothelial cells, single detached endo-
thelial cells, 3 detachment of sheets of endothelial cells).

Graphs and statistics

All data were expressed as box plots with the median
(line within the box), framed by the 25th and 75th per-
centile. In addition, the mean was expressed by the dotted
line within the box. Although the microdialysis data were
measured continuously over the whole storage period, the
box plot illustration accounts for the presentation of data
at just five time points out of 48. Stochastical significance
of differences was assessed using the Kruskal-Wallis
analysis of variance on ranks and appropriate post hoc test
(Dunn’s method). Statistical significance was assumed for
P-values <0.05.

Results

Effluate measurements

Median effluate levels of AST were lower after UW, com-
pared with HTK preservation, and did not reach statisti-
cal significance, whereas the difference to the HES
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preservation group did. As expected, mild hypothermic
saline storage differed significantly to the other groups
(Fig. 1a). The measurements of LDH were similar to the
course of AST, with UW median 193 U/l (range 135-
216 U/l), HTK 246 U/l (170-531 U/1), HES 415 U/I (283—
891 U/l), and 12 °C saline 2266 U/l (684-3493 U/I)
(Fig. 1b).

For effluate lactate, significant higher concentrations
were seen only in the mild hypothermia saline group.
Independently of the solution used, the lactate levels did
not differ between the groups with cold storage at 4 °C
(Fig. 1c).

Histology

Mild hypothermia in saline solution resulted in a signifi-
cant hepatocellular damage after 6 h (Fig. 2a), 12 h
(Fig. 2b), and 24 h (Fig. 2c), when compared with all
cold-stored livers. Almost no hepatocellular damage was
detectable in the cold storage UW and HTK groups,
whereas the livers after cold HES storage showed an inter-
mediate injury with significance to the UW groups to all
time points. The differences to the HTK group were less
pronounced with significance after 12 h ischemia, but not
after 6 h and 24 h.

Livers preserved in UW and HES solution revealed
minor endothelial changes over the time period of cold
ischemia. The endothelial impairment of the livers stored
in cold HTK and mild hypothermic saline solution was
significantly worse after 6 h (Fig. 3a), 12 h (Fig. 3b), and
24 h (Fig. 3c), when compared with UW storage, and
cold HTK storage was superior to mild hypothermic sal-
ine solution after 12-h cold storage.

Microdialysis

Continuous measurement of glycerol during the 24-h
storage period showed a significant increase in both the
HES and mild hypothermic saline solution groups after
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Figure 1 Cumulative liver enzymes and lactate levels following 24-h cold storage (4 °C) in standard UW, HTK, and HES solution, as well as in
mild hypothermic (12 °C) physiologic saline solution with subsequent graft rinse. The increase of (a) AST and (b) lactic dehydrogenase levels in
both saline-stored groups indicate a distinct hepatocellular injury. (c) Lactate levels were accelerated only after mild hypothermic storage at 12 °C,
indicating a decrease of glycolytic activity because of cold storage, even in HES solution. P < 0.05 vs. tUW, 8HTK, #HES.
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Figure 2 Degree of hepatocellular cell death during 24 h of ischemic storage at 4 °C (UW, HTK and HES solution) or 12 °C (saline solution)
assessed by means of a semiquantitative score from 0 to 3 (score: 0 no damage, 7 1-10 apoptotic/necrotic hepatocytes per 10 lobules, 2 11-20
apoptotic/necrotic hepatocytes per 10 lobules, 3 more than 20 apoptotic/necrotic hepatocytes per 10 lobules). (a) 6 h, (b) 12 h, and (c) 24 h histo-
logical changes were opposed with superiority of UW solution over the whole storage period and of HTK storage until 12-h storage. P < 0.05 vs.
TUW, §HTK, #HES.
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Figure 3 Degree of structural endothelial changes during 24 h of ischemic storage at 4 °C (UW, HTK and HES solution) or 12 °C (saline solution)
assessed by means of a semiquantitative score from 0 to 3 (score: 0 no damage, 7 endothelial swelling, 2 endothelial swelling, vacuoles in endo-
thelial cells, single-detached endothelial cells, 3 detachment of sheets of endothelial cells). (@) 6 h, (b) 12 h, and (c) 24-h histological changes

demonstrate the superiority of UW for preservation of endothelial cell integrity. P < 0.05 vs. TUW, §HTK, #4 °C HES.

6 h, when compared with the UW and HTK groups
(Fig. 4a). Glycerol levels in the HTK group were signifi-
cantly higher compared with the UW group after 12 h
(Fig. 4b) and 18 h (Fig. 4c). The difference of HTK stor-
age to the HES and saline solution storage equalized after
18 h, whereas no differences of intrahepatic glycerol levels
between all groups were detectable after 24 h (Fig. 4d),
which, in terms of the validated measurement range for
this parameter, has to be interpreted with caution.

In regard to the metabolic status, intrahepatic lactate
levels increased with the onset of cold and mild hypother-
mic ischemia. A steady state condition was reached after
6 h with a significant difference between the cold and
mild hypothermia, but not between the different preser-
vation solutions in the cold storage groups. Pyruvate lev-
els were under the detection limit over the whole
observation period; therefore, the calculation of the lac-
tate/pyruvate ratio was not performed. The intrahepatic
glucose levels demonstrated a persistent glycogenolysis in
the HES and the mild hypothermic saline storage groups,
with highest levels in early phase of the ischemia in the
mild hypothermic and the late phase in the HES storage

group. The glucose levels remained unchanged in the UW
and HTK group (Table 1).

Discussion

In this study, a continuous graft monitoring during 24-h
cold storage (4 °C) in standard UW and HTK solution,
as well as in cold HES and the mild hypothermic (12 °C)
physiologic saline solution with subsequent graft rinse,
was performed by using the microdialysis technique. The
experimental protocol was amended by the estimation of
liver enzyme release and lactate accumulation derived
from the graft rinse solution, as well as of histological
examinations. As measured by all parameters, mild hypo-
thermic preservation in saline solution was worse com-
pared with the other groups. Cold preservation resulted
in a decrease of metabolic/glycolytic activity, as measured
by intraparenchymal glucose, lactate, and pyruvate levels,
and lactate in the rinse solution, independently of the
solution used. Of particular interest, the dynamics of gly-
cerol levels, which reflect cell membrane disintegration,
were in accord with the extent of hepatocellular damage
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Figure 4 Intrahepatic glycerol levels during 24 h ischemic storage at 4 °C (UW, HTK and HES solution) and 12 °C (saline solution). After (a) 6 h
ischemia, glycerol levels in both HES and saline solution were significantly accelerated compared with standard preservation solution, indicating
membrane disintegration. Compared with UW solution, the glycerol levels in the HTK group significantly differed after (b) 12 h and (c) 18 h, dem-
onstrating the superiority of UW for long-term preservation. After (d) 24 h of ischemia, the differences were equalized. Glycerol levels beyond
18 h have to be interpreted with caution, as far as the glycerol levels exceeded the validated measurement range. P < 0.05 vs. TUW, §HTK,

#HES.

Table 1. Intrahepatic glucose (mmol/l) and /actate (mmol/i) levels as measured by continuous microdialysis during 24-h storage.

Group 0h 3h 6 h 12 h 18 h 24 h

uw 12 (7-13) 14 (9-21) 25 (6-33) 24 (10-35) 21 (10-37) 19 (13-36)
1(0-1) 3(2-7) 6 (2-8) 6 (3-11) 6 (3-10) 6 (4-10)

HTK 12 (10-15) 16 (11-23) 28 (12-33) 25 (11-33) 23 (11-30) 23 (10-31)
0 (0-3) 4 (2-9) 7 (4-10) 7 (4-10) 6 (4-11) 7 (5-11)

HES 11 (9-15) 20 (18-76) 30 (18-73) 33 (18-76) 36 (19-70)t89 31 (17-73)19
0 (0-2) 6 (3-11) 6 (4-10) 6 (5-12) 7 (4-12) 7 (3-13)

12 °C saline 13 (10-18) 25 (16-73) 43 (19-81) 25 (16-73) 13 (4-21) 11 (3-19)
1(0-3) 21 (12-33) 19 (11-27)t8# 19 (13-30)t8# 20 (2-32)t8# 18 (14-29)18#

Statistical significance with P < 0.05 vs. TUW, §HTK, #HES, €12 °C saline.

and liver enzyme release in these groups. Combined with
the predominant endothelial cell integrity, the superiority
of UW for longer storage (12-18 h) was accentuated. In
addition, the data suggest a less effectiveness of HTK for
preservation longer than 12 h.

The study of Nowak [6] demonstrated the correlation
between cold ischemia time and glycerol levels following
5 and 15-h cold storage of pig livers in UW solution and
suggested glycerol as a suitable parameter for the monit-
oring during cold storage. Even though they decided for
the extensive pig liver transplantation model, they restric-

© 2006 The Authors

ted their monitoring to the evaluation of glycerol until
1 h after graft reperfusion and gave no information about
graft function or the animal survival. The intention of
our study was to assess, whether or not continuous
microdialysis during ischemia might be able to distin-
guish between different qualities of organ preservation.
With a storage period of 24 h, we decided for an ex situ
examination during a 24-h cold storage period, as far as
24-h cold ischemia represents a lethal condition in swine
livers, even after storage in UW solution. For that reason,
we actively decided against a reperfusion model, which
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would have blurred the results of the storage examina-
tions.

The metabolic markers of interest for microdialysis
monitoring in this study were reduced to parameters,
which typically reflect changes caused by ischemia. High
lactate levels are encountered in ischemic and hypoxic
states when cells depend on anaerobic glycolysis, result-
ing in an increase in lactate levels, and a decrease in
pyruvate levels [13,14]. This may be the situation at
normothermia [15] and was reproducible during 12 °C
storage in saline solution, but not in the cold-stored liv-
ers. Pyruvate levels were undetectable during the entire
cold storage, whereas lactate levels in the liver after cold
perfusion did increase within the first 6 h with a stable
steady state thereafter. This may be the result of reduced
enzyme activities because of lowering the temperature to
4 °C, which has already been the assumption of Nowak
et al. [8]. This hypothesis was confirmed by the findings
of the cold HES group that cooling down the graft to
4 °C alone was obviously sufficient for this enzymatic
inactivity, as far as there were no differences between
the cold HES, compared with the HTK and UW groups.
The assessment of lactate levels from the effluate after
flushing the grafts exactly displayed the situation of the
microdialysis measurements on the level of the vascular
compartment. This is in a clear contradiction to the
knowledge of the anaerobic metabolism during cold
storage [17] and cannot be explained on the basis of
available data. Another plausible, but hypothetical
explanation for the lack of lactate accumulation in the
microdialysis effluate could be a temperature-related dif-
fusion block across the membrane [16]. Although repor-
ted by Nowak et al. [8], the intraparenchymal glucose
levels did not increase during cold storage, but during
mild hypothermic storage, as well as beyond 12 h cold
storage in HES solution.

Glycerol is an integral component of the cell mem-
brane, and increased levels in the interstitium reflect cell
injury [10,18]. Loss of energy leads to an influx of cal-
cium into the cell and activation of phospholipases, which
split glycerol from the phospholipids in the cell mem-
brane, resulting in the morphological correlate of mem-
brane blebbing [19]. Nowak et al. could demonstrate the
value of glycerol monitoring during cold storage of livers,
with a correlation between the length of cold ischemic
time and increasing glycerol levels [6]. In this study, cold
ischemia effectively reduced the metabolic activity but
could not prevent the time-dependent membrane damage
as emerges from continuous increasing tissue glycerol lev-
els. Glycerol levels started to increase after cold perfusion,
being highest in the cold HES and the mild hypothermic
saline solution groups after 4, 6, and 12 h. The further
course of glycerol levels beyond 18 h has to be interpreted
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with caution, as far as the glycerol levels exceeded the val-
idated measurement range. Regarding the histological
findings of hepatocellular damage, as well as the liver
enzymes released into the effluate, glycerol levels at about
3000 mm obviously represented the detection limit for
this parameter and method. The real differences for gly-
cerol release between the different preservation proce-
dures were assumed to be even higher, especially for the
HES and mild hypothermic saline solution group. Unfor-
tunately, the microvials and the sample volume per meas-
urement did not allow the further dilution, once the
measurement was already performed. One possible modi-
fication could have been to increase the microdialysate
flow to achieve an in situ dilution, which is not possible
by using the standard equipment because of the technical
configuration of the microdialysis pump system.

Nevertheless, by the means of glycerol levels, it was
possible to distinguish between different qualities of organ
preservation, even to discriminate the effectiveness of UW
compared with HTK until 18 h of cold preservation.
Combined with the predominant endothelial cell integ-
rity, the superiority of UW for longer storage (12-18 h)
was accentuated. In addition, the data suggest a less
effectiveness of HTK for preservation beyond 12 h, which
is well in accordance with experimental studies on liver
preservation [20-22].

Real-time monitoring of metabolic changes by using
microdialysis is possible, even under conditions of cold
storage. From these experiences, we conclude that the
assessment of intraparenchymal glycerol levels can give
additional information of the dynamic process of damage
in the time course of graft preservation. Despite the
dynamics of lactate, pyruvate, and glucose levels during
reperfusion, which reflect an increase of metabolic activity
because of rewarming and restoration of blood flow
[8,9,23], the estimation of these parameters is not appro-
priate to describe the injury during the cold storage.
Whether glycerol monitoring could represent an addi-
tional and rational complementation to the current prac-
tice of macroscopic, microscopic, and donor evaluation
has not been clearly demonstrated by this study.

The potential of microdialysis to exclude severely dam-
aged livers from transplantation or to bring so-called
marginal donor livers to transplantation has to be clar-
ified by further studies, but expectations to further studies
utilizing microdialysis for cold ischemia monitoring
should be scaled down against the background of these
results.
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